Exposure of transmissible gastroenteritis virus of pigs to unheated normal heterotypic serum resulted in a drop in infectivity, an effect which was lost after heating the serum to 56 °C for 30 rain or by treatments inactivating complement. Analysis of virus proteins, RNA and lipids, and centrifugation studies showed little difference between inactivated and control virus, but electron microscopy of negatively stained particles after treatment with serum revealed holes in the virus envelope, characteristic of those caused by complement in the presence of antibody.
INTRODUCTION
Exposure of pigs to the coronavirus causing porcine transmissible gastroenteritis (TGEV) results in the formation of immunoglobulins which neutralize the virus infectivity. Pigs not exposed to TGEV have no such immunoglobulins. However, dogs (Binn et al. I974) and cats (Reynolds et al. I977 ) may have TGEV neutralizing immunoglobulins resulting from exposure to serologically related viruses. While examining human sera for antibodies to TGEV-related viruses it was found that fresh serum was capable &neutralizing the infectivity of TGEV, a property which was lost after heating the serum to 56 °C before use. This prompted the present investigation into the nature of the heat-labile neutralizing activity.
METHODS
Virus. The FS772/7o strain of TGEV, obtained from Miss S. Cartwright, Central Veterinary Laboratory, Weybridge, and the Talfan strain of porcine enterovirus (Derbyshire & Collins, I972) were used in this study.
Cell cultures. TGEV was grown in primary pig kidney (PK) cells (Garwes & Pocock, I975) , Talfan virus was grown in secondary adult pig thyroid (APT/2) cells (Pocock & Garwes, ~975) . TGEV was also grown in APT/2 cells with medium containing 3H-leucine, 3H-uridine or 14C-palmitic acid as previously described (Garwes et al. I976; Pike & Garwes, I977) to produce virus with radioactively labelled proteins, nucleic acid or lipids. All radiochemicals were purchased from The Radiochemical Centre, Amersham, Bucks. Infectivity was titrated by plaque assay on APT/2 cells grown in 5 cm plastic dishes as described (Garwes et al. I976) with the modification that all calf serum used in the overlay medium was inactivated at 56 °C for 30 rain.
Sera. Sera were taken from I I species of normal healthy animals as shown in Table I . Rabbit sera were obtained from New Zealand white rabbits from this Institute, shown in Human serum was taken from healthy volunteers. All samples were stored in vials at -7o °C and were thawed once, immediately before use. Where specified, heat inactivation was carried out at 56 °C for 30 rain. Specific rabbit anti TGEV serum was prepared by inoculating a New Zealand white rabbit subcutaneously with TGEV purified as described by Garwes & Pocock (I975) , in Freund's complete adjuvant, followed by four intramuscular injections of TGEV in saline over a period of three months. Serum was taken one month after the final injection. Goat antiserum to the third component of human complement (Goat anti-human C~) was obtained from Miles Laboratories (UK) Ltd, Stoke Poges, Slough, Bucks.
Assay for haemolytic complement. The method used for the assay of haemolytic complement (C') was based on that of Bradstreet & Taylor (I962) . The test was modified for use in microtitre trays by using volumes of o'o25 ml instead of o.I ml. Sheep erythrocytes, preserved in Alsever's solution, and rabbit anti-sheep haemolysin were purchased from Wellcome Reagents Ltd, Wellcome Research Laboratories, Beckenham.
Virus neutralization test. Samples of TGEV and Talfan virus, stored at -7o °C, were thawed and diluted in serum-free medium I99/gal (Pocock & Garwes, I975) to give approx. 2 × IO 3 p.f.u./ml. Samples were added to equal volumes of serum diluted in the same medium and incubated at 37 °C for I h. Volumes ofo-I ml were taken for assay on APT/2 monolayer cultures. These were examined after two days and the highest serum dilution giving a 5o % reduction in plaque numbers was taken as the end point. This is quoted in the following tables. The spread of two to six replicate observations was never more than twofold.
For some of the neutralization tests ethylene diamine tetra-acetic acid (EDTA) or ethylene glycol-bis(fl-amino ethyl ether) N,N'-tetra-acetic acid (EGTA; Fine et al. I972) was added to the virus diluting medium at Io mM to remove divalent cations (Ca 2+ and Mg ~+ in the case of EDTA, and Ca 2+ in the case of EGTA).
In other tests, fresh human serum was diluted I in 5 either in virus dilution medium containing IO % goat anti-human C~ serum or in medium alone. Sera were incubated at 37 °C for 45 min and then used in the neutralization test.
Virus purification and analysis. TGEV was purified by rate zonal centrifugation as previ- Neutralization of TGEV 28I ously described (Garwes & Pocock, 1975) . Virus for electron microscopy was purified one step further by centrifugation at 7oooo g for 45 rain through a linear I5 to 3o % sucrose gradient, followed by pelleting of the virus band. Analysis of TGEV structural polypeptides (Garwes & Pocock, I975) Detection of immunoglobulin bound to TGEV. TGEV, labelled with 3H-uridine, was harvested from ATP/2 cells, clarified by low speed centrifugation and precipitated with 55 % saturated ammonium sulphate. The precipitate was dissolved in distilled water to I/Io of the starting volume and was dialysed extensively against phosphate buffered saline, pH 7"4, to remove residual ammonium sulphate. To 3 ml samples of the virus preparation was added I ml of either 1% bovine serum albumin or undiluted rabbit serum and these were held at 37 °C for I h. The virus was then purified in the usual way by sedimentation through a stepped sucrose gradient followed by rate zonal centrifugation through a linear sucrose gradient (Garwes & Pocock, I975) . The band of purified virus from the final gradients was collected, divided into three parts and each part was mixed with an equal volume of 1% bovine serum albumin, lzSI-labelled goat IgG anti-rabbit IgG (125I-GAR) or a25I-labelled rabbit IgG anti-swine IgG (~2~I-RASw), each diluted in 1% bovine serum albumin to give Iooooo ct/min in each preparation. The iodinated immunoglobulins were prepared by the chloramine-T method of Hunter & Greenwood (i962) . After I h at 37 °C, the virus preparations were centrifuged through linear 2o to 5o % sucrose gradients and the distribution of virus and labelled immunoglobulin was detected by scintillation counting.
Electron microscopy. The virus pellet obtained from the 15 to 3o % linear sucrose gradient was resuspended in o.I ml distilled water. Samples of o-o25 ml were added to equal volumes of normal rabbit serum (fresh or heated) either on its own, or mixed I : I with heated rabbit anti-TGEV serum. These were incubated at 37 °C for I h followed by an overnight incubation at 4 °C according to the method used by Berry & Almeida (I968) for avian infectious bronchitis virus. Samples were taken for infectivity assay and the remainder was diluted to 6 ml with distilled water and pelleted at ~5oooog for 2 h. The pellets were resuspended overnight at 4 °C in a small volume of distilled water. Samples were applied to carbon-Formvar grids treated with bacitracin to facilitate spreading (Gregory & PiNe, I973) and were negatively stained for I to 2 rain with 2 % (w/v) sodium phosphotungstate, pH 6-o. The preparations were examined in a Philips EM3oo electron microscope at an accelerating voltage of 8o kV and 55ooo x instrumental magnification.
RESULTS

Neutralization titres
Samples of unheated serum from I I species of animals were tested and all, with the exception of porcine and mouse serum, reduced the infectivity of TGEV but not of Talfan virus (Table I ). The variation in neutralizing titres between individuals of a species was studied. Bovine sera from I8 animals, both adult and neonatal, were tested and all gave results within the range 1/32 to 1/64; the sera from six different breeds of rabbit were tested and found to have neutralizing titres of between ~/I6 and 1/32. Further experiments with concentrated virus (5 × Io6 p.f.u./ml) showed that the neutralization of virus infectivity was independent of virus concentration and followed the 'percentage law' (Andrewes & Elford, I933 ). This ability to neutralize TGEV was lost after heating the serum to 56 °C. The neutralizing activity was also absent from rabbit serum that had been incubated in contact with a monolayer culture of APT/z cells for I h at 37 °C, but not from serum held under the same conditions in the absence of cells.
Complement
Fresh serum from normal pigs had no neutralizing activity against TGEV (Table 0 . It was therefore used as a source of C' in further studies to determine whether neutralizing activity could be restored to heated heterotypic sera. Sheep, human, cat, rabbit and bovine sera were heated to destroy complement activity and then an equal volume of fresh pig serum was added to each sample. These mixed sera were used in the virus neutralization test. Table 2 shows that fresh pig serum, with no neutralizing activity against TGEV, could restore neutralizing activity to complement-inactivated sera.
The divalent cations, Mg 2+ and Ca ~+, needed for full C' activity were removed from guinea pig serum by the addition of either EDTA or EGTA in the diluting medium. Assays for C' and TGEV neutralizing activity in the serum samples were carried out in the presence and absence of lo mM-EDTA or -EGTA. It was found that addition of either of these chelating agents to the system completely inhibited these ion-dependent neutralizing and C' activities.
Fresh human serum was treated with goat anti-human C' serum, to block C' activity. It was found (Table 3 ) that blocking the haemolytic pathway, as shown by the absence of haemolysis in a standard C' assay, completely inhibited the TGEV neutralizing activity of human serum.
Biochemical analysis
Equal volumes of purified TGEV, labelled with either aH-leucine, 3H-uridine or I~Cpalmitic acid, were mixed with either fresh guinea pig serum or distilled water and incubated ., Control; .... , virus incubated with fresh, normal guinea pig serum. ,125I-labelled GAR; .... , lzSI-labelled RASw. The position of the peak of virus not exposed to 125I-labelled antibody is marked wih an arrow (,D.
for I h at 37 °C. Following incubation, biochemical analyses were performed, together with infectivity assays. There was no detectable difference in polypeptide composition between treated and untreated virus; both gave polypeptide patterns similar to those published (Garwes & Pocock, I975) .
Polyacrylamide gel electrophoresis of TGEV RNA shows a 6o to 7oS complex which, on heating at 8o °C for 2o min, dissociates to 35S components (Garwes et aL I975) . RNA extracted from both treated and control virus yielded the same profiles, consistent with unaffected RNA. Lipid patterns from treated and control virus preparations were similar with respect to the types and relative concentrations of glycolipids and phospholipids present in the virus envelope.
Determinations of sedimentation coefficient (S) and buoyant density were carried out using 3H-uridine labelled TGEV. To establish the S value of treated and control virus the incubated samples were centrifuged through a linear I5 to 3o % sucrose gradient at 7oo0o g for 45 rain. Intact TGEV has a sedimentation coefficient of 495S in this system (Garwes et al. I976) and it was found that virus treated with unheated guinea pig serum had a slightly lower value of approx. 465S (Fig. 0 -The buoyant density of treated virus was determined by equilibrium centrifugation in Cs2SO ~ and was found to be ~.I8 to i.r 9 g/ml, the same as that of untreated TGEV.
Detection of immunoglobulin bound to TGEV
The results of incubating TGEV in the presence of bovine serum albumin or rabbit serum, followed by iodinated antibodies against rabbit and porcine immunoglobulin, are shown in Fig. 2 . There was very little l~SI-labelled antibody associated with the virus that had been treated with bovine serum albumin before purification. The small amount of non-specific binding of 125I was similar with both preparations of iodinated immunoglobulin and coincided with the peak of virus which had not been exposed to labelled antibody, as detected by its 3H-uridine content (Fig. 2a ). After exposure of TGEV to rabbit serum (Fig. zb) , there was considerable binding of I~5I-GAR whereas the I~5I-RASw bound at levels similar to those shown in Fig. 2 (a) . It was apparent that the sedimentation coefficient 
Electron microscopy
Electron microscopy showed morphological differences between treated and untreated virus as illustrated in Fig. 3 . Infectivity titres of the samples examined are shown in Table 4 . T G E V treated with heated normal rabbit serum (Fig. 3 a) was evenly dispersed over the grid. There was little stain penetration and the surface projections surrounding the body of the particles were clearly visible. Virus treated with fresh rabbit serum (Fig. 3 b) , although still evenly distributed, had a generally ragged, flattened and crenated appearance. The surface projections were not clear and the particles were very dark, suggesting increased stain penetration. Several round holes were visible in the virus envelope. Fig. 3 (c) shows virus treated with heated rabbit antiserum to TGEV. It shows a typical clumped appearance associated with virus neutralization. The surface projections were masked by strand-like material, possibly immunoglobulin. In Fig. 3 (d) the effect of treating the virus with a mixture of heated antiserum and fresh normal serum can be seen. The virus was clumped as in Fig.  3 (c) , and in addition had the flattened, darkened appearance of the particles in Fig. 3 (b) . Holes were visible in the virus membrane.
DISCUSSION
The experiments reported in this study have shown that the infectivity of TGEV may be neutralized by fresh normal serum of many species. This neutralization can be prevented by heating serum to 56 °C, by the removal of divalent cations and by the addition of antisera to human C~, indicating C' involvement.
Neutralization of virus infectivity was not associated with detectable alteration in the lipid, polypeptide or nucleic acid composition of the virion. The buoyant density of the virus in Cs2SO 4 was unaltered at I-t 85 g/ml. This value is slightly lower than that previously quoted (Garwes et aL I976) but recent studies have suggested that the TGE virion is unstable in Cs2SOa solution, resulting in a buoyant density that is dependent upon the molarity of Cs~SQ to which the virus is exposed and the duration of exposure (D. J. Garwes & B. V. Pike, unpublished observations) . The sedimentation coefficient of TGEV decreased after treatment with unheated serum and there were marked changes in morphology as revealed by electron microscopy. The virus membrane was permeable to negative stain through holes that were characteristic of those caused by complement.
These findings of virus neutralization by non-immune sera are not peculiar to TGEV. Apostolov & Sawa (1976) showed haemolysis of human erythrocytes fused with Newcastle disease virus membranes, brought about by the action of fresh plasma from various species. Furthermore, they demonstrated the presence of holes in the envelope very similar to those found with TGEV. Welsh et al. (1975 Welsh et al. ( , 1976 found that unheated, non-immune human serum had the ability to lyse RNA tumour viruses, as shown by plaque reduction and the release of RNA-dependent DNA-polymerase from oncornavirus preparations.
It is likely that more than one serum component is involved in this activity. Pig serum alone does not neutralize TGEV, but it can reactivate other sera in which the C' has been destroyed by heating. This would suggest the presence of C'-requiring antibody in these sera. The data obtained from radio-immune assays demonstrated that immunoglobulin was bound to the surface of the virion when TGEV was incubated with rabbit serum and that the complexes were not dissociated by three rounds of centrifugation through sucrose gradients. The presence of antibody was also suggested by the fact that neutralizing activity was removed from rabbit serum by incubation with uninfected pig thyroid cells. These experiments did not prove, however, that the immunoglobulin associated with the virus was involved in the C'-dependent reaction, although there have been examples previously described. Toussaint (I96O) showed two different types of neutralization of T2 coliphage; one by antiserum, which was independent of C', and the other by heterophile antibody which was C' requiring. This antibody, primarily IgM (Apostolov & Sawa, 1976 ) , occurs in the blood of animals in the apparent absence of any antigenic stimulus. It has been implicated in the neutralization of many bacteria (Skarnes & Watson, 1957; Shilo, 1959) and viruses (Svehag & Mandel, 1964; Linscott & Levinson, 1969) by normal sera. The evidence presented above for TGEV neutralization is consistent with an hypothesis in which heterophile antibody directed against porcine glycolipids in the virus envelope are unable to neutralize virus infectivity except after fixation of complement and the rupture of the lipid bilayer. The preliminary work carried out on Talfan virus provides some evidence for a lipid involvement in TGEV neutralization; Talfan virus does not contain lipid and its infectivity is unaffected by any of the normal sera tested. Uninfected pig thyroid cells, however, were able to adsorb the activity from rabbit serum, further suggesting that the lipid membrane contained the antigenic determinant. Since TGEV contains no detectable host protein (Garwes & Pocock, 1975) but does contain host lipid (Pike & Garwes, I977) , it is likely that the glycolipids comprise the antigen common to plasma membrane and TGEV surface structure.
The lack of any detectable effect on the RNA is unexpected, since work on the oncornaviruses by Welsh et al. (I 975) suggested that the neutralization was due to RNA degradation and TGEV RNA has been shown to be similar in secondary structure to that of the oncornaviruses (Garwes et al. 1975 ). However, Welsh and his collaborators present evidence to suggest that there is no antibody involved in the neutralization of oncornaviruses by human and other animal sera so it is possible that a different mechanism is involved. The neutralization of TGEV may be due to the loss of virion enzymes responsible for RNA replication although, to date, none has been detected in this virus.
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